ABSTRACT An experiment was conducted using the TME n bioassay method to investigate the additivity and associative effects of metabolizable energy and amino acid digestibility in barley and canola meal for White Pekin ducks. Additivity was tested by comparing the difference between observed values determined in a complete diet and predicted values from measurements determined with individual ingredients (barley and canola meal). Six ducks each were assigned to diets of barley, canola meal, the complete diet, and dextrose. Dextrosefed ducks were used for estimation of endogenous losses for calculation of true amino acid digestibility. The observed AME, TME, AME n , and TME n values in the complete diet were 0.065, 0.083, 0.016, and 0.023 (kcal/g), respectively, numerically higher than predicted values. Differences between observed and predicted values were not significant (P > 0.05), indicating that the AME, AME n , TME, and TME n in barley and canola meal were all additive. In general, observed values for apparent amino acid digestibility (AAAD) and true amino acid digestibility
INTRODUCTION
In diet formulation, it is generally assumed that the nutrients in individual feedstuffs can be added together to match the required nutrient supplied by the diet. Studies on additivity have been conducted in swine (Imbeah et al., 1988; Furuya and Kaji, 1991) and broilers (Angkanaporn et al., 1996) . These authors pointed out that the metabolizable energy and amino acid values may not always be additive due to some associative effects. However, there is a dearth of published information on the additivity of nutrient digestibility in feed ingredients for ducks. Bioavailable energy studies have shown signifi-2001 Poultry Science Association, Inc. Received for publication March 9, 2001 . Accepted for publication July 9, 2001. To whom correspondence should be addressed: ladeola@purdue. edu.
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(TAAD) in the complete diet were higher than those predicted from individual ingredients. Observed AAAD for lysine, histidine, tryptophan, alanine, and aspartate were higher (P < 0.05) than predicted values, indicating that digestibilities of these amino acids were not additive. The mean of AAAD in canola meal (77.29%) was higher (P < 0.05) than the observed values of barley (52.2%) and complete diet (64.55%). For TAAD values, differences between observed and predicted values were significant for lysine, histidine, and tryptophan (P < 0.05). The mean of TAAD in canola meal, barley, and complete diet were 85.88, 80.87, and 81.33%, respectively. The average difference between observed and predicted values for TAAD (1.18 %) was smaller than that of AAAD (5.41%). These results indicated that ME values for barley and canola meal were additive in the complete diet but that digestibilities of some amino acids were not additive; they further suggested that there were some associative effects of amino acids in barley and canola meal for ducks. cant differences in the dietary requirement and energy utilization of ducks and chicks (Muztar et al., 1977) . In addition, ducks and chickens also exhibit different body compositions and growth rates (Siregar and Farrell, 1980) . Therefore, the nutrient additivity effects for ducks may correspondingly vary.
Historically, balance studies in ducks have been prone to error due to difficulties in collecting excreta because ducks often forcefully eject highly liquid excreta. A series of experiments conducted with ducks King et al., 1997; Ragland et al., 1997) have described a surgical method of excreta collection that successfully circumvented the feeding and collection problem. The present study was conducted to investigate the additivity and associative effects of metabolizable energy and amino acid digestibility in barley and canola meal for ducks. Barley and canola meal are two common raw materials Abbreviation Key: AAAD = apparent amino acid digestibility; TAAD = true amino acid digestibility. used in diets for poultry and often have a high fiber content and antinutritional factors such as tannin, trypsin inhibitor, and glucosinolates, which may give rise to associative effects under certain circumstances. Such information on metabolizable energy and amino acid digestibility is critically important to improve the precision of diet formulations for ducks.
MATERIALS AND METHODS

Management of Ducks and Diets
Twenty-four 8-wk-old male White Pekin ducks (3.7 to 3.8 kg) were sorted according to initial weight and placed in individual cages with one duck per cage (0.6 × 0.6 m). The cages were maintained in an environmentally controlled room (25 C) under continuous light. Eighteen ducks were randomly assigned to three different dietary treatments (six ducks per diet). Six ducks were fed dextrose for estimating endogenous losses of energy, nitrogen, and amino acids. The test ingredients consisted of barley and canola meal. The composition of the experimental diets and their chemical characteristics are shown in Table 1 .
Feeding Techniques and Excreta Collection Methodology
Approximately 3 d before the start of the experiment, each bird was surgically fitted with a retainer ring from a Playtex bottle set. The collection methodology utilized in the experiment was adopted from the methods detailed by Adeola et al. (1997) . The birds were restrained in a plexiglass box, and the feathers from a 5-cm zone adjacent to the vent were removed to expose the skin. The skin was then sanitized with a dilute solution of chlorhexidine diacetate. Four milliliters of 2% lidocaine hydrochloride was injected around the vent to desensitize the area (1 mL in each of four regions). A continuous suture pattern was used to secure the modified retainer ring to the skin of the birds. The plastic bottle of the nurser set was measured and cut to a length of 3 cm below the threads on the bottle. Whirl-Pak bags with a capacity of 480 mL and covered with duct tape were then placed through the bore of the bottle and screwed into the modified retainer ring attached to the bird. The Whirl-Pak bags containing excreta were changed within the first 6 h after placement and every 12 h thereafter during the 54-h collection period.
The modified TME bioassay described by McNab and Blair (1988) was used in the experiment to evaluate the additivity of metabolizable energy and amino acid digestibility. All test ingredients were ground through a 0.5-mm screen prior to feeding. In summary, 48 h prior to feeding the test ingredients, feed was withdrawn. Each bird was force-fed dextrose solution (25 g/100 mL water) at 24 and 30 h after feed was removed. Twenty-five grams (25 g/100 mL water) of each diet was intubated to all birds at 48 and 54 h after feed withdrawal. The ducks assigned to the feed-deprived group for estimation of endogenous losses were tube-fed 25 g of dextrose with 100 g water at 48 and 54 h after feed was withdrawn. All ducks were fitted with their respective collection vessels at the time of the first feeding of test ingredients. All of the feeding and surgical collection protocols in the present study were approved by the Purdue University Animal Care and Use Committee.
Chemical Analysis
The frozen excreta samples were transferred to aluminium pans and placed in a 55 C oven for 120 h. After drying, excreta samples were ground through a 0.5-mm screen to facilitate analysis. Dry matter contents of the diets and excreta samples were determined by drying the samples at 110 C for 24 h. Nitrogen content of diets and excreta was determined by the combustion method using the LECO Model FP2000 3 combustion analyzer. Energy content of the diets and excreta was determined by bomb calorimetry using Parr 1261 adiabatic calorimeter.
4 Amino acid composition was determined by the University of Missouri Chemistry Laboratory (AOAC, 1995).
Calculations and Statistical Analysis
The AME, AME n , TME, and TME n were calculated as follows: AME = (EI − EO)/FI; AME n = AME − (8.22 × ANR/FI); TME = AME + (FEL/FI); TME n = TME − (8.22 × ANR/FI) -(8.22 × FNL/FI). Where EI is gross energy intake, EO is the gross energy output, FI is feed intake (g), ANR is apparent nitrogen retention calculated as the difference between nitrogen intake and nitrogen output, FEL is energy loss from the group of feed-deprived ducks, and FNL is nitrogen loss (g) during feed deprivation. The apparent amino acid digestibility (AAAD) = (amino acid intake − amino acid output)/amino acid intake. True amino acid digestibility (TAAD) = AAAD + (endogenous amino acid output/amino acid intake). Additivity was tested by comparing the difference between observed digestibility coefficients of the complete diet and predicted values from measurements determined with individual ingredients (barley and canola meal). Analysis of variance using the general linear models procedure of SAS (2000) was performed. Treatment means were separated by the least-significant difference test.
RESULTS AND DISCUSSION
The crude protein, nitrogen, and amino acid contents of ingredients and diets used in the study are presented in Table 2 . The crude protein and amino acid composition of barley were similar to those values reported by National Research Council (1994) , and the amino acid composition of canola meal paralleled that of low-glucosinolate canola meal (34.8% crude protein) in the same publication. The complete diet was formulated to contain 17% crude protein.
Nitrogen and energy metabolism data are shown in Table 3 . The present study adopted the TME n bioassay for estimating energy content of feedstuffs, which was developed by Sibbald (1976) and modified by McNab and Blair (1988) . It was considered suitable for determining the metabolizable energy content of feedstuffs because it incorporates a nitrogen correction for endogenous loss . The feeding and collection techniques used in the study have been extensively tested in our lab. It has proved to be an efficient method for the collection of contaminant-free excreta and very reliable for measuring the metabolizable energy of feedstuffs for ducks. The energy loss due to feed deprivation was in agreement with previous studies , but the endogenous nitrogen loss was higher than reported values. It is reasonable that the loss of nitrogen during feed withdrawal will vary over time and among birds (McNab and Blair, 1988 ). The energy output as a percentage of intake were 33, 49.3, and 37.8, respectively, for barley, canola meal, and the complete diet. The energy output for canola meal was highest (P < 0.05) and the apparent dry matter utilization (35.47%) of canola meal was lowest among the three diet groups. The true nitrogen retention in the present study did not reflect the nitrogen intake because the values of three diet groups were not different (P > 0.05). The metabolizable energy value was highest for barley, intermediate for the complete diet, and lowest for canola meal. When compared with the other two diets, the value for canola meal was significantly different (P < 0.05). The AME and TME values of barley were similar to those of the complete diet (P > 0.05), but after nitrogen correction, the AME n and TME n of barley were different from the complete diet (P < 0.05). It was noted that the AME n values of the three diets were higher than the AME values because their apparent nitrogen retentions were negative. Nitrogen correction of the TME for the three diets resulted in a 10% reduction in the TME, which was higher than the previous 2 to 4% reduction in cockerels (McNab and Blair, 1988) and 2 to 5% reduction in ducks .
The AME, AME n , TME, and TME n of barley paralleled previous results determined for ducks . The AME and TME values of barley were slightly lower than observations by Sibbald (1976) for roosters. However, after nitrogen correction, the AME n and TME n values closely resembled those reported by Barbour et al. (1991) in roosters and as listed in the Nutrient Requirement of Poultry (NRC, 1994) . For example, the NRC (1994) values for AME n and TME n of barley are 2,640 and 2,900 kcal/kg. Our results for ducks were 2,720 and 2,980 kcal/ kg, respectively. It suggests that the energy in barley was metabolized with similar efficiency in ducks and chickens. The AME n and TME n values for canola meal reported here were 2,186 and 2,439 kcal/kg, respectively, which are higher than NRC (1994) values of 2,000 and 2,070 kcal/kg. Furthermore, when compared to the observations by Sibbald (1976) and Lee et al. (1995) with roosters and Clandinin and Robblee (1983) with chickens, it appears that ducks use energy in canola meal more efficiently than chickens.
The endogenous output of nitrogen, energy, and amino acids over the 54-h collection period are presented in Table 4 . The endogenous amino acid outputs were close to those obtained in a previous study by Ragland et al. (1999) , which showed that losses of leucine, alanine, and asparatate were most abundant and the amount of tryptophan and methionine were least. The glutamate secretion in the present study exceeded the value reported by Rag- Means in the same row with no common superscript differ significantly (P < 0.05).
a All data based on a 54-h collection period.
land et al. (1999) . The relatively large proportion of threonine in the endogenous secretion, which has been reported for pigs and chickens (Siriwan et al., 1994) , was not evident in the present experiment with ducks. The AAAD are presented in Table 5 . The value for glycine is not presented because of the glycine yield from acid hydrolysis of uric acid in excreta. Because the energy input does not influence amino acid excretion, the basic methodology of the TME assay can be applied to the measurement of amino acid digestibility (Sibbald, 1979) . The apparent digestibilities of all indispensable amino acids were different for the three diets (P < 0.05), but digestibilities of seven dispensable amino acids were not consistent. For example, the AAAD of proline were similar for the three diets (P > 0.05). The mean apparent digestibility of canola meal (77.29%) was higher than the observed value of barley (52.2%) and the complete diet (64.55%). The AAAD for canola meal ranged from 69.7 to 91.7%, the highest for tryptophan and the lowest for alanine and threonine. The AAAD for canola meal in the present study was close to observations by Lee et al. (1995) in roosters and Ravindran et al. (1999) in broiler chickens, except the alanine value was lower and the arginine value was higher in ducks. The apparent digestibilities of indispensable amino acids in barley were lowest for lysine (38.5%) and threonine (41.3%) and highest for tryptophan (77.7%). The poor apparent digestibilities of lysine and threonine for barley were also reported in pigs by Imbeah et al. (1988) , which were 37.6 and 44.2%, respectively. The low digestibility of threonine was possibly related to its slow rate of absorption and the high concentration in endogenous secretions (Sauer et al., 1977) . However, alanine was characterized by a very low apparent digestibility (20.8%), and the apparent digestibility of glutamate was highest of seven dispensable amino acids. Green et al. (1987) demonstrated the mean AAAD for barley in cockerels was 70.0%, which was higher than for the current result (52.2%) in ducks. Means in the same row with no common superscript differ significantly (P < 0.05).
The true amino acid digestibilities (TAAD) are presented in Table 6 . The TAAD values were higher than those of AAAD because of the correction of endogenous amino acid secretion. Adjustment of apparent to true digestibility enables data to be obtained that are largely independent of variability between animals and feed intake (Green et al., 1987) . The true digestibilities of all dispensable amino acids were similar for the three dietary treatments (P > 0.05) with the exception of alanine in canola meal and barley. For indispensable amino acids, the true digestibilities of histidine, isoleucine, leucine, phenylalanine, threonine, and valine were close (P > 0.05) among the three dietary treatments. There were differences in the digestibilities of methionine, lysine, tryptophan, and arginine between canola meal and barley (P < 0.05). It was noted that the true digestibility of lysine was different among all diets (P < 0.05) and was lowest, except the alanine (66.5%) in barley. The highest true digestibility was observed for tryptophan, and was 91.9, 95.5, and 94.5% for barley, canola meal, and complete diet, respectively. The mean TAAD for canola meal (85.88%) were approximately 5 percentage units higher than barley (80.87%) and the complete diet (81.33%). We noted that the TAAD values for canola meal in the present study were close to the results of Lee et al. (1995) in roosters, but slightly lower than those obtained by Salmon (1984) and Mutzar et al. (1980) in chickens. Such differences could be accounted for by the species, the different collection method, and periods. When compared with the NRC (1994), the TAAD of canola meal was in good agreement. However, the results for barley were not consistent. Most of the TAAD for barley were about 4 to 5 percentage units lower than the coefficients reported by NRC (1994), except for methionine and threonine, whose values were similar to those in the NRC (1994). Collectively, the AAAD and TAAD results suggest that amino acids in Means in the same row with no common superscript differ significantly (P < 0.05). canola meal were digested with similar efficiency in ducks and chickens, but chickens appeared to digest amino acids in barley more efficiently than ducks.
The differences between observed metabolizable energy and predicted values from measurements determined with individual ingredients (barley and canola meal) are shown in Table 7 . Predicted values were calculated from the digestibility values determined with the individual ingredients and their proportions in the complete diet. The respective AME, AME n , TME, and TME n values observed for the complete diet were 0.065, 0.083, 0.016, and 0.023 kcal/g higher than predicted values. These differences between observed and predicted values were not significant (P > 0.05), which indicated that the AME, TME, AME n , and TME n of barley and canola meal were all additive and did not have any significant associative effects in ducks. Although many studies have demonstrated that TME values are not affected by the level of feed intake and appear to be more additive in chickens (Sibbald, 1976) , the present results showed that the precision of the AME bioassay in determining the additivity of ME was similar to that of TME for ducks. Observed AME and TME of the complete diet were approximately 3% higher in numerical terms than predicted values. After nitrogen correction, observed AME n and TME n values were only 1% higher than predicted values. It implied that the correction for nitrogen retention had an influence on the additivity of metabolizable energy for ducks. The high neutral detergent fiber, hemicellulose, and different crude protein levels in barley and canola meal appeared to exert minimal effects on the additivity of metabolizable energy.
The differences between the observed and predicted AAAD and TAAD for the complete diet are presented in Table 7 . In general, observed values of AAAD were numerically higher than predicted values with the exception of proline and serine, which were numerically lower. The differences ranged from 2.30 (glutamate) to 12.54 (lysine) percentage units. Most observed values were similar to predicted values (P > 0.05) except for histidine, lysine, tryptophan, alanine, and asparatate. The differences between observed and predicted values for the five amino acids were significant (P < 0.05), which varied from 6.96 to 12.54 percentage units. The differences between observed and predicted values for true digestibility of all dispensable amino acids were similar (P > 0.05). For the indispensable amino acids, only histidine, lysine, and tryptophan were significantly different (P < 0.05). The differences between observed and predicted true digestibility ranged from −4.90 (serine) to 5.52 (lysine) percentage units. It was noted that the differences between observed and predicted values of lysine were significant for apparent and true digestibilities (P < 0.05), but methionine and cysteine did not show significant differences in apparent and true digestibilities (P > 0.05). The average difference for TAAD was smaller than that of AAAD (1.18 vs 5.41 percentage units). It appeared that the values of TAAD were more additive than those of AAAD. The results of the present study indicated that there were The differences as a percentage of predicted values are 2.71, 2.80, 0.66, and 0.86 for AME, TME, AME n , and TME n , respectively. *Differences between observed and predicted values are significant (P < 0.05).
some associative effects on AAAD and TAAD for barleycanola meal diet, which has also been demonstrated in pigs by Imbeah et al. (1988) . Their studies showed that the differences of lysine, phenylalanine, alanine, glycine, proline, and tyrosine were significant (P < 0.05), but the value of histidine was not presented by the authors. Another study conducted with barley-soybean meal diet (Furuya and Kaji, 1991) also indicated that there were significant differences in lysine and alanine. It appears that barley influences the difference in additivity. Although there were the presence of small-magnitude associative effects, our study supported the opinions of Imbeah et al. (1988) , that the difference did not influence the practical effects of a combination diet with barley and canola meal, because the calculated digestibilities were equal to or slightly lower than those of observed values. The digestible amino acid supply, at least, was not overestimated and the digestible amino acid supply in a complete diet can be predicted approximately from those values determined in the individual ingredients. Nevertheless, caution is necessary when including excessive amino acids in diets, because they may bring about excess nitrogen excretion. Several factors may account for the differences in additivity. Barley contains high neutral detergent fiber (16.3%) and nonstarch polysaccharides (17.9%), which can increase endogenous amino acid secretions, digestive tract viscosity and adsorbed peptides, amino acids, and digestive enzymes, thereby reducing their digestion and absorption (Bell, 1993; Nyachoti et al., 1997) . Canola meal with a high glucosinolate content could exert an adverse effect on feed intake and release various harmful products that influence the normal function of the gastrointestinal tract (Bell, 1993) . Improper processing of canola meal may cause Maillard reactions and reduce the digestibility of lysine. Other antinutritional factors, such as trypsin inhibitor, sinapine, lignin, and tannin, can affect protein hydrolysis and amino acid digestibilities as well. Fan et al. (1994) conducted a study to investigate the effect of dietary amino acid level on apparent ileal amino acid digestibility for pigs and indicated that the apparent ileal digestibility values of amino acids in feedstuffs are quadratically affected by their respective dietary levels of amino acids. Therefore, the feedstuffs with different crude protein levels may not be digested equally. The different crude protein levels in the present study appeared to have an effect on the difference of additivity for ducks. In determining digestibilities of amino acids, three methods (direct, difference, and regression) usually are applied. The direct method, the most often used to determine the amino acid digestibilities in cereal grains and some highprotein diets as canola meal, was used in the present study. However, Fan and Sauer (1995) demonstrated that there were divergences among the three methods in determining the digestibility of amino acids in pigs and that the direct method sometimes underestimated the values of feedstuffs with low protein and poor palatability, so the direct method may not be suitable for the measurement of digestibility values of low-protein barley. The present results showed that there were some differences (P < 0.05) in the additivity of AAAD and TAAD in barley-canola meal diet for ducks, and further detailed study with difference and regression methods are warranted.
In conclusion, the study provided new information about the energy and nutrient utilization of barley and canola meal and indicated that the AME, AME n , TME, and TME n values of barley and canola meal were all additive for ducks. There were differences in the additivity effect of AAAD and TAAD, and TAAD appeared to be more additive than AAAD in the present study. In order to further improve the practical formulation of diets for ducks, studies with a wider variety of feedstuffs are needed.
